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Abstract 
 
 Polarized cell growth, which results in an outgrowth extending from one end of 
the cell body, is found throughout multicellular life. In vascular plants, this process, also 
referred to as tip growth, allows for the formation of root hairs and pollen tubes (Rounds 
and Bezanilla, 2013). In the model bryophyte, Physcomitrella patens, tip growth occurs 
in the protonemata during the haploid gametophyte stage and the rhizoids during the 
diploid sporophyte stage.  Protonemata only grow through polarized cell growth (Vidali 
and Bezanilla, 2012). This study investigates the role of a family of Sec14-like proteins in 
tip growth in the protonemata of P. patens. Sec14, a protein first discovered in yeast, has 
been highly conserved throughout evolution and is present in all eukaryotic organisms. 
Sec14 functions as a regulator of phospholipid metabolism and functions in vesicle 
formation from the trans-Golgi network (Schaaf et al, 2008).  By regulating the 
biogenesis of phosphatidylcholine and phosophoinositides, Sec14 regulates the lipid 
composition of vesicles formed from the trans-Golgi network (Benkaitis et al, 2007). 
COW1 is a Sec14-like protein in the vascular plant Arabidopsis thaliana whose function 
is crucial in tip growth. COW1 is localized in developing root hairs, where it is involved 
in membrane trafficking and maintaining phosphoinositide landmarks during tip growth 
(Bohme et al, 2004; Vincent et al, 2005).  Four COW1 orthologs have been identified in 
Physcomitrella patens, PpCOW1a-d. We hypothesize that the COW1 orthologs are 
involved in polarized cell growth in the protonemata, and that functional redundancy is 
likely.  The goal of my project is to investigate the function of the COW1 orthologs by 
generating stable transgenic knockout (KO) strains, in which the gene has been disrupted 
with a selectable marker through homologous recombination. We have successfully 
created the knockout lines for all 4 orthologs, as demonstrated by a PCR genotyping 
assay. A preliminary analysis of protonemal growth indicated that none of the PpCOW1 
genes are essential for tip growth; plant size for all single KO lines was not significantly 
different from wild type.   However the PpCow1c and PpCow1d KO mutants exhibited 
alterations in overall plant shape and structure suggesting a role for these genes in normal 
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Introduction 
 
 Polar cell growth, which results in an outgrowth extending from a cell body, is 
found throughout the eukaryotic world. This process occurs in budding and fission yeast, 
the axons of neurons, pollen tubes and root hairs in flowering plants, and protonemata 
and rhizoids in bryophytes. During polar growth in plants, referred to as tip growth, the 
cell expands in a unidirectional manner due to the trafficking of vesicles carrying new 
membrane and cell wall material to the growing tip of the cell (Rounds and Bezanilla, 
2013). Since many of the key molecular players involved in polar growth are the same 
across kingdoms, studying tip growth in plants can give insight into similar processes in 
all eukaryotes.  
Phosphoinositides: important regulators of tip growth  
 Phosphoinositides, a class of signaling phospholipids, play important roles in 
intracellular signaling, and coordinating steps required for proper tip growth (Ischebeck 
et al., 2010). Even though phosphoinositides are less than one percent of phospholipids 
present in the cell, their importance in signaling cannot be overstated (Balla, 2013). They 
coordinate and execute many essential steps in membrane trafficking by regulating the 
actin cytoskeleton and vesicle formation and transport (Saarikangas et al., 2010; Shewan 
et al., 2011). Found in specific membranes, phosphoinositides recruit protein effectors, 
which are part of an elaborate protein-lipid signaling network that regulates actin-binding 
proteins (ABPs) and small GTPases (Kutateladze, 2010; Shewan et al., 2011). 
Phosphoinositides also regulate membrane proteins by directly binding to them. 
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Furthermore, they can serve as precursor molecules to lipid secondary messengers (Di 
Paolo and De Camilli, 2006; Shewan et al., 2011).  
 Phosphoinositides are ideal signaling molecules because the reversibility of their 
synthesis allows for precise spatial and temporal control of molecular pathways. 
Phosphoinositides are generated from the structural phospholipid, phosphatidylinositol, 
via phosphorylation of the inositol head group at the D-3, D-4 and D-5 positions. These 
phosphorylation reactions are catalyzed by phosphatidylinositol phosphate kinases and 
reversed by phosphoinositide phosphatases (Anderson et al., 1999; Di Paolo and De 
Camilli, 2006; Heilmann and Heilmann, 2014; Ischebeck et al., 2010). While 
phosphoinositides with all seven possible combinations of phosphorylation are known in 
eukaryotic cells, plants contain all but phosphatidylinositol 3,4-phosphate (PtdIns(3,4)P2 
and phosphatidylinositol 3,4, 5-phosphate (PtdIns(3,4,5)P3) (Heilmann and Heilmann, 
2014; Ischebeck et al., 2010). The best characterized players in tip growth are 
phosphatidylinositol-4,5-biphosphate (PtdIns(4,5)P2), and phosphatidylinositol-4- 
phosphate (PtdInd4P) (Heilmann and Heilmann, 2014; Ischebeck et al., 2010). Both of 
these phosphoinositide species function in the initiation and elongation of tip growth in 
root hairs (Kusano et al., 2008; Lee et al., 2008), pollen tubes (Monteiro et al., 2005) and 
Physcomitrella patens protonemata and rhizoids (Saavedra et al., 2009; Saavedra et al., 
2011). Although PtdIns4P and PtdIns(4,5)P2 are better studied in tip growth, PtdIns3P 
and PtdIns(3,5)P2 also play important roles (Lee et al., 2008; van Gisbergen et al., 2012).  
 Phosphatidylinositol phosphate kinases and phosphatases regulate the synthesis 
and degradation of phosphoinositide signaling domains at specific membrane locations 
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that are essential for tip growth. This is exemplified by work on root hairs of Arabidopsis 
thaliana. Many studies investigating the role of phosphoinositides in tip growth have 
been performed on the root hairs of the flowering plant, Arabidopsis thaliana because of 
the ease of imaging and genetic manipulation. PtdIns4P, localized using GFP-tagged 
PtdIns4P reporter proteins, is enriched in the plasma membrane along the lateral sides of 
the root hair (Munnik and Nielsen, 2011; Vermeer et al., 2009). Phosphatidylinositol 4- 
kinase β1 (PI4Kβ1) produces PtdIns4P. PI4Kβ1 genetically interacts with Root Hair 
Defective4 (RHD4), which codes for a PtdIns4P phosphatase, which removes the 
phosphate group to produce phosphatidylinositol and thus regulate the accumulation of 
PtdIns4P on the shanks of the root hair (Thole et al., 2008). PtdIns(4,5)P2 is enriched in 
the plasma membrane at the apex of the cell, coincident with a tip-focused Ca2+ gradient 
that is essential for normal tip growth (Munnik and Nielsen, 2011; van Leeuwen et al., 
2007). PtdIns(4,5)P2 is created by phosphatidylinositol-4-phosphate 5-kinase (PIP5K3) 
in root hairs using PtdIns4P as substrate (Kusano et al., 2008). PIP5K3 is required for 
root hair development; in loss-of-function mutants the root hairs are short and fat 
compared to the wild type and do not contain the apical enrichment of PtdIns(4,5)P2 
(Kusano et al., 2008; Stenzel et al., 2008). In Arabidopsis thaliana root hairs PtdIns3P is 
produced by phosphatidylinositol 3-kinase (PI3K). When PI3K is not functional there is a 
dramatic change in the growth of the root hair and cytoplasmic organization, indicating 
that PtdIns3P may be involved in actin dynamics or vesicle trafficking. PtdIns3P is 
localized in vesicles being trafficked to the tip of the cell (Lee et al., 2008; Vermeer et al., 
2006).  
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Phosphoinositides and small GTPases regulation 
 The Ras superfamily of small GTPases functions as molecular switches, which act 
in many signaling pathways. When bound with GTP the small GTPases are active, 
whereas when bound to GDP they are inactive (Vernoud et al., 2003). Many proteins 
regulate the activation of the small GTPases. The transition to the active state is 
facilitated by the presence of Guanine Nucleotide-Exchange Factors (GEFs). The 
maintenance of the inactive form of G proteins is facilitated by guanine nucleotide 
dissociation inhibitors (GDIs), which bind to the GDP-bound form preventing exchange 
with GTP. GTPase-activating proteins (GAPs) induce the hydrolysis of GTP to GDP 
returning the small GTPase to its inactive state (Bos et al., 2007; Vernoud et al., 2003).  
 Phosphoinositides are known to play a central role in regulating the activity of 
small GTPases of the Ras superfamily, which function in membrane trafficking and 
regulation of the actin cytoskeleton.   The Rho-like GTPases Of Plants (ROPs) GTPases 
are a member of the Ras superfamily.  There are 11 ROPs found in Arabidopsis thaliana 
(Vernoud et al., 2003). During root hair growth, these ROPs localize to the apical plasma 
membrane which is coincident with the PtdIns(4,5)P2 enrichment (Molendijk et al., 2001; 
Yalovsky et al., 2008). The ROP- GTPases function in initiation of many downstream 
signaling pathways affecting many processes crucial for tip growth, such as actin 
cytoskeleton organization, vesicle trafficking and maintenance of the intracellular tip 
focused Ca2+ gradient (Molendijk et al., 2001). ROP2, a ROP-GTPase that functions in 
early root hair formation, acts as a positive regulatory switch critical for the initial 
swelling of a root epidermal cell that will produce a root hair.  ROP2 is found enriched at 
	   11 
the plasma membrane of the tip where PtdIns(4,5)P2 is localized (Jones et al., 2002). 
Another small GTPase, RabA4b, which is found in vesicles being trafficked from the 
trans Golgi network to the tip of the cell, regulates PtdIns4P formation (Preuss et al., 
2006; Thole et al., 2008). Preuss et al (2006) proposed a mechanism where RabA4b 
recruits PI-4Kβ1, the kinase that produces PtdIns4P, to the tip which in turn leads to the 
synthesis of PtdIns4P dependent upon the Ca2+ gradient present at the tip of the cell. 
PtdIns4P also interacts with AGD1, an ADP-ribosylation factor GTPase (Arf1) activating 
protein (ARF-GAP), through its Pleckstrin Homomolgy (PH) domain. The loss of 
function agd1 mutant exhibits defective root hair growth, actin cytoskeleton organization, 
organelle trafficking and PtdIns4P localization (Yoo et al., 2008). Double mutants with 
proteins involved in phosphoinositide metabolism, such as PIP5K3, exacerbate the agd1 
mutant phenotype (Yoo et al., 2012).  
Phosphoinositides regulate the actin cytoskeleton  
 Phosphoinositides influence the actin cytoskeleton directly via effects on actin-
binding proteins (ABPs) and indirectly via small G proteins or recruitment of scaffolding 
proteins (Pleskot, 2014). The actin cytoskeleton is used as a track to bring vesicles to the 
apex of the growing cell (Rounds and Bezanilla, 2013). When the PtdIns(4,5)P2 
enrichment at the apex is disrupted in Arabidopsis thaliana, the apical actin network 
becomes disorganized compared to the wild type (Smith, 2003). This disorganization is 
likely caused by the direct interaction of PtdIns(4,5)P2 with specific ABPs that control 
actin dynamics through direct binding (Ischebeck et al., 2010). The ABPs known to 
interact with PtdIns(4,5)P2 in plants include profilin (Braun et al., 1999), ADF/cofilin 
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(Bamburg, 1999; Dong et al., 2001), and villin (Xiang et al., 2007). These ABPs are 
representatives of four distinct classes of ABPs, some of which function in remodeling 
actin filaments by inducing or inhibiting actin polymerization. Others function in the 
initiation of branching or breaking of actin strands (Pleskot, 2014). PtdIns(4,5)P2 binding 
to ADF results in inhibition of ADF leading to increased polymerization of actin in root 
hairs (Dong et al., 2001). ABP29, a villin protein found in lily pollen tubes is also 
inhibited by PtdIns(4,5)P2. Because ABP29 functions in actin severing the inhibition 
leads to further actin stability (Xiang et al., 2007). Profilin, binds to PtdIns(4,5)P2 
directly, and it is speculated that it may function in releasing monomeric G actin similar 
to in mammalian systems but little is known about the mechanism in plants (Pleskot, 
2014).  
Phosphatidlyinositol transfer proteins  
 Phosphatidlyinositol transfer proteins (PITPs) of the SEC14 superfamily function 
at the interface of lipid metabolism, phosphoinositide signaling and membrane trafficking 
(Ghosh and Bankaitis, 2011; Phillips et al., 2006). The SEC14 superfamily includes over 
500 proteins, some of which are involved in tip growth (Mousley et al., 2007). The 
founding member of the family, Saccharomyces cerevisiae Secretory14 (Sec14p) is 
required for vesicle formation at the trans-Golgi (TGN) membrane; in the sec14-1ts 
mutant vesicle budding from the TGN is blocked (Bankaitis et al., 1989). Sec14p is 
known to function by regulating the lipid composition of the TGN membrane. Sec14 
binds phosphatidylinositol as well as another phospholipid, phosphotidylcholine at 
distinct binding sites (Schaaf et al., 2008). Sec14 regulates two separate lipid metabolic 
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pathways. It blocks the synthesis of phosphotidylcholine via the CDP-choline pathway, 
which increases diacylglycerol (DAG) levels, and also promotes the creation of PtdIns4P 
by presenting substrate to the phosphoinositide 4-kinase, PIK1P. Both of these functions 
are independent but necessary for Sec14’s role in creating a membrane lipid composition 
that will recruit downstream effectors required for vesicle formation (Bankaitis et al., 
2007).  
 The Sec14-related protein COW1/AtSFH1 is required for tip growth of root hairs 
in Arabidopsis thaliana. A loss of function cow1 mutation results in shorter and wider 
root hairs, with increased incidence of twinning, where two root hairs emerge from the 
same initiation site. This suggests a defect in establishment or maintenance of the polar 
growth axis during tip growth (Bohme et al., 2004; Grierson et al., 1997; Vincent et al., 
2005). Consistent with a defect in polar growth, the growth rate of individual cow1 root 
hairs is ~ 10% that of the wild type (Grierson et al., 1997). The cow1 mutants exhibit a 
disorganized actin cytoskeleton and microtubule organization compared to the wild type 
and the Ca2+ gradient at the tip of the root hair is lost. These phenotypes are likely 
caused by the loss of the PtdIns(4,5)P2 enrichment at the apex observed in the cow1 
mutant (Vincent et al., 2005). Taken together, these results suggest that COW1 is a 
polarized membrane growth regulator (Vincent et al., 2005).  
 There is strong evidence suggesting that COW1 functions as a polarized 
membrane growth regulator through phosphoinositide regulation. COW1 contains a 
Sec14-like lipid- binding domain at the C terminus with 32% sequence homology to 
Sec14 in yeast as well as a nodulin16 domain (Nlj16) at the N terminus (Bohme et al., 
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2004). The Nlj16 domain has previously been reported to function in plasma membrane 
targeting, indicating that the Nlj16 domain may be responsible for the localization of 
COW1 (Kapranov et al., 2001; Vincent et al., 2005). Expression of the COW1 Sec14-like 
domain rescues the TGN secretory defect in sec14-1ts mutant yeast indicating functional 
equivalence between the Sec14-like domain in COW1 and Sec14 in yeast. A GFP tagged 
COW1 protein localized to the apical plasma membrane, which is coincident with the tip 
localization of PtdIns(4,5)P2 , that is lost in the loss of function mutant (Bohme et al., 
2004). These data suggest that COW1 may regulate the PtdIns(4,5)P2 tip domain, 
perhaps by regulating the synthesis of phosphoinositides, which in turn influences 
organization of the F-actin network. Vincent et al (2005) proposed that COW1 acts in the 
synthesis of PI(4,5)P2 with Phospholipase D (PLD). PLD functions in the production of 
phosphatidic acid through the break down of phosphotidylcholine. Phosphatidic acid 
stimulates the kinase PIP5K3 which produces PtdIns(4,5)P2. Therefore, Vincent 
hypothesizes that COW1 influences the PtdIns(4,5)P2 enrichment at the tip by acting 
with PLD, but little evidence has been found to support this proposal (Vincent et al., 
2005).  
 Although, the mechanism by which COW1 promotes the creation of 
phosphoinositides is still largely unknown, recent studies have indicated that COW1 may 
function in the same pathway as the small GTPases (Yoo et al., 2012).  COW1 acts along 
the same signaling pathway as AGD1. AGD1 contains a GAP domain known to promote 
hydrolysis GTP to GDP and a Pleckstrin Homology (PH) domain known to bind 
PtdIns4P (Yoo et al., 2008). A single loss of function agd1 mutant has wavy root hairs 
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compared to the wild type. The RabA4b targeted vesicles shift from the apical region of 
the cells in agd1 causing the direction of growth to change. Furthermore, the tip focused 
Ca2+ gradient is not as strong in agd1 compared to the wild type. Finally the targeting of 
ROP2 to the apex of the root hair does not occur in agd1. The phenotype of an agd1 
cow1 mutant is exacerbated compared to that of the single cow1 mutant; double mutant 
root hairs have upwards of five tips from a single initiation point whereas in the single 
COW1 mutant only two tips were present at each initiation point. The double mutant has 
altered F-actin organization as well (Yoo et al., 2012). Taken together the results from the 
agd1 cow1 mutant suggest that these genes act in collaboration during root hair growth.  
Yoo et al (2008) in their model propose that AGD1 is influenced by the presence of the 
PtdIns4P pool along the lateral shanks of the cell, which is maintained by RHD4 and 
PI4Kβ1. COW1 may also be maintaining the PtdIns4P domain by presenting the 
precursor phosphatidylinositol to PI4Kβ1. COW1 is also proposed to function in assisting 
the binding of PtdIns4P to the PH domain of the AGD1 protein (Yoo and Blancaflor, 
2013).  
 COW1 has also been found to work in the same pathway as Armadillo Repeat 
Containing Kinesin1 (ARK1) a motor protein known to be involved in microtubule 
organization. In an ark1 cow1 mutant there were several tips per initiation site and each 
root hair was significantly shorter than in the wild type. Although, these results suggest 
that COW1 and ARK1 function in the same pathway, a mechanism of how this may 
occur has not been proposed (Yoo and Blancaflor, 2013).  
 
	   16 
Physcomitrella patens: a model to study tip growth 
  The model bryophyte  Physcomitrella patens, has recently emerged as an ideal 
system to investigate tip growth. During the moss lifecycle the first tissue to emerge from 
the spore is the protonemata. It is composed of caulonemal and chloronemal cells, which 
only grow via tip growth (Vidali and Bezanilla, 2012). Furthermore, since the genome 
was sequenced many genetic tools have been honed to work with Physcomitrella patens 
including targeted transformations (Rensing et al., 2008). Transformation mediated by 
polyethylene glycol (PEG) is possible in Physcomitrella patens protoplasts  (Liu and 
Vidali, 2011). Because homologous recombination occurs readily in the moss it makes it 
possible to target specific regions of the genome during transformation. Characterization 
of mutants is also easier because the majority of the moss lifecycle is in the haploid phase. 
Physcomitrella patens allows for easy imaging because many of the tissues are only one 
cell thick (Prigge and Bezanilla, 2010). Because of its simple morphology and the ease of 
genetic manipulation, many researchers have used it to study molecular processes that are 
more complex to study in flowering plants, such as intracellular signaling and 
cytoskeletal dynamics.  
 The intricate actin cytoskeleton and its regulation through ABPs have been an 
important topic of study in developing Physcomitrella patens as a model for tip growth. 
The actin cytoskeleton in protonemata is very dynamic with a mobile focal point at the 
apex of the cell and cortical puncta (Vidali et al., 2009a). These dynamics are regulated 
by many ABPs that polymerize actin monomers into filaments and depolymerize the 
filaments into monomers. Actin Depolymerization Factor (ADF) and Actin Interacting 
Protein1 (AIP1) function together in depolymerization and severing of actin at the apex 
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of the tip-growing cell in Physcomitrella patens (Augustine et al., 2011; Augustine et al., 
2008). ADF is required for normal tip growth because it allows for the dynamic 
regulation of actin via depolymerization (Augustine et al., 2008). ABPs that assist in the 
initiation of polymerization of actin are called nucleators. Actin Related Protein2/3 
(ARP2/3) complex and the Formin family are both nucleating proteins (Harries et al., 
2005; Vidali et al., 2009b). Formins function with the actin monomer binding protein 
profilin to polymerize actin in the tip and in the cortical spots (van Gisbergen et al., 2012; 
Vidali et al., 2007). Class II formins bind to PtdIns(3,5)P2 in the cortical spots of 
protonemata (van Gisbergen et al., 2012). ARPC4, a component of the ARP2/3 complex 
that aligns actin filaments along the polar axis, is required for tip growth in 
Physcomitrella patens (Harries et al., 2005; Perroud and Quatrano, 2006).  
 While members of the Myosin family motor proteins are present in all kingdoms, 
the Myosin XI and Myosin VIII subfamilies are only present in plants (Vidali et al., 
2010). Myosin XI is proposed to link the actin cytoskeleton with vesicle movement 
towards the apex of the protonemata. Myosin XI is present in vesicles that travel to the 
apex of the tip-growing protonemal cell in advance of the polymerization of actin at the 
tip (Furt et al., 2012; Furt et al., 2013).  Furt et al (2012) proposed a model for the 
function of Myosin XI in Physcomitrella patens, where it is present in vesicles formed in 
the trans Golgi network (TGN) that contain actin nucleator proteins. These vesicles are 
then transported to the apex of the cell spurring actin polymerization (Furt et al., 2013). 
The Myosin VIII clade of motor proteins is involved in developmental timing and 
protonemal patterning in Physcomitrella patens. A loss of function, myosinVIII mutant 
develops gametophores significantly earlier than wild type and displays hypersensitivity 
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to a lack of nutrients with the production of curving protonema and aberrant side 
branches (Wu et al., 2011).  More recent studies have demonstrated that the myosinVIII 
mutant has defective cell plates and is involved in microtubule organization in the 
phragmoplast, a structure that mediates cytokinesis in plants (Wu and Bezanilla, 2014).  
 Although the actin cytoskeleton has been the larger focus of research in 
Physcomitrella patens, microtubules are also an important component of tip growth. 
Mictrotubules are essential for the directionality of protonemal growth; when treated with 
microtubule inhibitors the protonema become swollen and bent (Doonan et al., 1988). 
During growth, microtubules form bundles in the cell cortex in a longitudinal direction 
(Cai and Cresti, 2010). The plant-specific kinesin, KIND1 were found to be required for 
proper microtubule organization in protonemata. Furthermore, in the loss of function 
kind1 mutants the directionality and the rate of growth was significantly affected, 
indicating that microtubules are essential for polarized growth of protonemata (Hiwatashi 
et al., 2014).  
 Small GTPases have been identified in Physcomitrella patens through sequence 
similarity with Arabidopsis proteins.  Four ROPs were found in the genome of 
Physcomitrella patens that are 90% similar in amino acid sequence to homologs in 
Arabidopsis. For each major class of small GTPases found in Arabidopsis, a homolog 
was also found in Physcomitrella patens through purely bioinformatic analysis. Further 
research will give insight into whether these proteins function similarly in Physcomitrella 
patens (Eklund et al., 2010). Two proteins already characterized in Physcomitrella patens, 
are ROP2 and ROP-GEF3. Both of these proteins are found enriched at the tip of the 
protonema. Furthermore, overexpression of ROP2 and ROP-GEF3 led to a similar 
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bulging phenotype at the tip of the growing cell, indicating that they are involved in polar 
growth and might act in a signaling pathway together (Ito et al., 2014).  
 Unlike in Arabidopsis, the TypeI/II PIP-kinase family in Physcomitrella patens is 
relatively small containing only two characterized phosphatidylinositol phosphate 
kinases-PIPK1 and PIPK2. PIPK1 and PIPK2, are essential for polarized growth. Loss of 
function pipk1 and pipk2 have shorter and fatter protonema compared to the wild type. 
Furthermore, the rhizoids, another moss tissue that expands via polar growth, are 
significantly shorter in the pipk1 pipk2 double mutant compared with the wild type 
(Saavedra et al., 2009; Saavedra et al., 2011). These phenotypes may be due to the 
reduced production of PtdIns(4,5)P2. Both kinases are localized to the plasma membrane, 
similar to many phosphoinositide kinases in Arabidopsis thaliana. PIPK1 and PIPK2 are 
able to bind many species of phosphoinositides in vitro; including PtdIns3P and PtdIns4P 
(Saavedra et al., 2009). Further, in the pipk1 and pipk2 mutants were hypersensitive to 
treatment with actin depolymerizing drug, LatrunculinB.  Because the PtdIns(4,5)P2 is 
necessary for normal actin organization, the data indicate that in Physcomitrella patens, 
actin organization is gradient driven similar to root hairs and pollen tubes in flowering 
plants.  Although PI kinases have been identified in Physcomitrella patens, no research 
has been done to investigate the role of PITPs in protonemal growth.  
Are COW1 orthologs necessary for tip growth in Physcomitrella patens?  
 In Physcomitrella patens 4 orthologs of COW1 have been identified (COW1a, 
COW1b, COW1c and COW1d).  The PpCOW1 lipid-binding Sec14-like domains are 61-
67% identical/81-83% similar to the Sec14-like domain in Arabidopsis COW1; key 
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residues in this domain that are essential for function are conserved. Further Nodulin 16 
domains of the PpCOW1s are 21-35%identical/ 51-58% similar to the Ndl16 domain of 
AtCOW1 (Peterman, personal communication). We hypothesized that one or more of the 
COW1 orthologs would be involved in tip growth in the protonema of Physcomitrella 
patens, and furthermore would be essential for normal growth of protonema, because of 
the sequence similarity to COW1 in Arabidopsis. To test this hypothesis, we created 
stable knockout (KO) lines of each of the COW1 orthologs. Because we anticipated 
functional redundancy between some of the COW1 orthologs we are also in the process 
of creating higher order mutants. The initial characterization and analysis of growth of 
these mutants is presented here.  Further study of these KO lines will provide insight into 
the evolution of phosphoinositide signaling in the land plants, from bryophytes to 
flowering plants.  Further, it will also increase our understanding of a complex molecular 












Figure 1: Relationship between COW1 in A. thaliana and the COW1 like genes in P. 
patens. (A) The COW1 protein product has a Sec14-like domain and Nlj16-like domain, 
features, which are shared with the COW1-like genes in moss. (B) The phylogenetic 
relationships between A. thaliana COW1 and the four COW1-like genes in P. patens 
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Materials and Methods 
I. Creation of knockout constructs for PpCOW1 orthologs  
 
A. Overview of experimental design for creating the knockout constructs  
 Knockout constructs were produced using Gateway® recombination based 
cloning. We first generated a 5’ targeting arm (~1kb of upstream genomic sequence 
which included the start codon) and a 3’ targeting arm (~1kb of genomic sequence 
beginning ~2kb downstream of the 5’ targeting arm).  These regions were amplified with 
primers that added AttB sites to the ends to allow for recombination with a pDONR entry 
vector containing the corresponding AttP sites.  A BP recombination reaction yielded 
entry clones in which the targeting arm sequence was flanked by AttL sites (Figure 2).  
Next we performed a LR recombination reaction between entry clones containing the 5’ 
targeting arm, the 3’ targeting arm and a hygromycin-resistance selection cassette and the 
destination vector, pGEMGATE. This yielded our knockout construct consisting of our 
two targeting sequences flanking the hygromycin resistance cassette.   
 
B. Primer design 
 The gene sequence for each of the P. patens COW1 orthologs (Pp1s88_63V6.1, 
Pp1s169_81V6.1, Pp1s307_16V6.1, Pp1s47_303V6.1) was retrieved from the public 
database of the genome (http://phytozome.org). Primers for PCR amplification of the 5’ 
targeting arm were designed with a Pme1 or Swa1 restriction site at the 3’ end of the 
forward primer.  The forward primers contained an AttB1 site and the reverse primers 
contained an AttB4 site both at the 5’ end. For amplification of the 3’ targeting arm the 
reverse primer at the 5’ end contained a Pme1 or Swa1 restriction site. The forward 
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primers were designed to contain an AttB3 site and the reverse primers contained an 
AttB2 site both at the 5’ end (Appendix A).  
 
C. Isolation of targeting arms 
 The PpCOW1 ortholog targeting arms were amplified in a PCR reaction using 
genomic DNA from wild type Physcomitrella patens as a template (1X Phusion ® HF 
buffer, 0.2 mM dNTPs, 0.5 μM forward primer, 0.5 μM reverse primer, 1 unit Phusion ® 
Hot Start II enzyme, and 200 ng DNA template) (Thermo Fisher).  A thermal cycler was 
programmed for 35 amplification cycles (10 seconds at 98oC for denaturation, 30 seconds 
at 72oC for both annealing and extension), with initial denaturation at 98oC for 2 minutes 
and final extension at 72oC for 10 minutes.  The PCR products were analyzed by 
electrophoresis on a 1% (w/v) agarose, 1X TAE (40 mM Tris, 20 mM acetic acid, and 1 
mM EDTA (pH8)) gels and visualized with SYBR Safe DNA stain® (Invitrogen).  Gels 
were imaged using the BioRad ChemiDoc imaging system.   
 
D. Creation of the entry clones 
 The 5’ targeting arms were inserted into the pDONR P1P4TM entry clone vector 
with the AttP1 and AttP4 sites (Invitrogen) via BP recombination reaction (1.75 μL PCR 
product, 0.25 μL of 150 ng/μL pDONRTM, 0.5 μL Gateway® BP ClonaseTM II, TE buffer 
up to 3 μL).  The 3’ targeting arms were inserted into the pDONRTM P3P2 entry clone 
vector with AttP3 and AttP2 sites via BP recombination.  The reaction was incubated at 
25oC for 12 hours prior to transformation of chemically competent E.coli.   
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Figure 2: Creation of the knockout construct using Gateway cloning.  PCR 
Amplification of the targeting sequences adds on attB sites for both the 5’ (blue) and 3’ 
(red) targeting sequences, which are then recombined into a pDONR entry clone vectors 
through BP recombination.  These entry clones are then combined with a hygromycin 
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E. Transformation of Mach1® E. coli with entry clones.   
Chemically competent E. coli (Mach1®, F- Φ80(lacZ) ΔM15 ΔlacX74 hsdR(rK-mK+)  
ΔrecA1398 endA1 tonA) cells were transformed according to the manufacturer’s 
directions (Invitrogen).  A mixture of the BP recombination reaction (2μL) and 50μL of 
chemically competent E. coli cells were incubated on ice for 30 minutes and heat shocked 
for 30 seconds at 42oC.  The cells were immediately returned to ice and suspended in 250 
μL SOC medium (2% tryptone, 0.5% yeast extract, 10 mM NaCL, 2.5 mM KCl, 10 mM 
MgSO4, 20 mM glucose) prior to an hour-long incubation at 37oC on a horizontal shaker 
at 200 rpm.  Aliquots of each transformation reaction were spread on solid selective LB 
media (1% Bacto-tryptone, 0.5% yeast extract 1% NaCl, 1.5% agarose, 50 μg/μL 
kanamycin) and incubated overnight at 37oC yielding isolated colonies.  Small cultures (5 
mL) of selective LB broth (1% Bacto-tryptone, 0.5% yeast extract 1% NaCl, 50 μg/μL 
kanamycin) were inoculated with an isolated colony and grown at 37oC for 12 hours.   
 
F. Isolation of plasmid DNA from Mach1TM cells transformed with the entry clone 
A QIAPrep Spin Miniprep Kit (Qiagen) was used to extract plasmid DNA from overnight 
E. coli cultures.  Approximately 3 mL of each culture was centrifuged for 5 minutes at 
17,900 x g.  After discarding the supernatant, cells were resuspended in 250 μL Buffer P1 
(50 mMTris-Cl, pH 8.0, 10 mM EDTA, 100μg/mL RNaseA), lysed with 250 μL of 
Buffer P2 (200 mM NaOH, 1% SDS) and neutralized with 350μL Buffer N3 (4.2 M Gu-
HCl, 0.9M potassium acetate, pH 4.8).  Cell debris was pelleted by centrifugation at 
17,900 x g.  The lysate was decanted into a QIAprep Spin Column in a collection tube 
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and spun at 17,900 x g for 1 minute, binding plasmid DNA to the column’s silica 
membrane. The membrane was washed with 500 μL of Buffer PB (5 M Gu-HCl, 30% 
isopropanol) and 750 μL of Buffer PE (10 mM Tris-HCl, pH 7.5, 70% ethanol).  Residual 
ethanol from Buffer PE was removed by centrifugation of the empty column.  The 
plasmid DNA was then eluted with 50μL of Buffer EB (10 mM Tris CL, pH 8.5).  
Plasmid DNA concentration was determined using a NanoDrop 1000 Spectrophotometer 
(Thermo Fisher Scientific).   
 
G. Entry clone plasmid DNA sequence analysis 
 The plasmid DNA was sequenced by the Massachusetts General Hospital DNA 
Core Facility (https://dnacore.mgh.harvard.edu) using M13 primers specific to the 
pDONR vector sequence.   
   
H. Creation of the knockout construct  
Gateway® LR ClonaseTM II Enzyme was used according to manufacturer’s direction 
(Invitrogen) for site-specific recombination of the construct from the pDONRTM entry 
clones into the destination vector pGEMGATETM (20 ng pDONRTM P1P4 5’ targeting 
arm, 20 ng pDONRTM P3P2 3’ targeting arm, 20 ng HygromycinR R4R3 Cassette 1μL of, 
and 40 ng pGEMGATETM, 1μL of LR Clonase II ® in TE buffer, pH 8 up to 8 μL).  The 
reaction was incubated for 12 hours at 25oC.  Mach1® E. coli were then transformed with 
the LR reaction product. Aliquots of each transformation reaction were spread on solid 
selective LB media (1% Bacto-tryptone, 0.5% yeast extract 1% NaCl, 1.5% agarose, 100 
μg/μL carbenicillin) and incubated overnight at 37oC yielding isolated colonies. Plasmid 
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DNA was isolated from transformants and then sequenced using M13 primers and 
primers designed for the Hygromycin® cassette in the knockout construct (Appendix A).   
 
I. Maxiprep isolation of plasmid DNA  
 A NucleoBond® Xtra plasmid purification maxi prep kit (NucleoBond Xtra) was 
used to extract plasmid DNA from large (250 mL) overnight E. coli cultures grown in 
selective LB media (1% Bacto-tryptone, 0.5% yeast extract 1% NaCl, 1.5% agarose, 100 
μg/μL carbenicillin).  The E.coli cells were pelleted at 6,000 x g for 10 minutes at 4oC.  
They were then resuspended in 10 mL Resuspension Buffer + RNaseA, lysed in 10 mL 
of Lysis Buffer, and neutralized with 10 mL Neutralization buffer.  The samples were 
then passed through the NucleoBond® Xtra Column Filter after it had been equilibrated 
with 25 mL of Equilibration Buffer and emptied through gravity flow, allowing the 
plasmid DNA to bind to the column’s silica membrane.  The column was then washed 
with 25 mL of Wash Buffer, and eluted in 15 mL of Elution Buffer.  The DNA was 
precipitated by the addition of 10.5 mL of isopropanol and incubation for 2 minutes at 
25oC.  The sample was then loaded onto a NucleoBond® Finalizer where it was then 
washed with 70% ethanol.  Residual ethanol was removed by pressing air through the 
finalizer.  The DNA was eluted in 1 mL of Redissolving Buffer (5 mM TRIS/HCl. pH 
8.5). Plasmid DNA concentration was determined using a NanoDrop 1000 
Spectrophotometer (Thermo Fisher Scientific).    
 
J. Releasing the knockout construct from the plasmid 
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Purified knockout construct DNA was digested with Pme1 (170 ng/μL, plasmid DNA, 
1X Cutsmart Buffer, 28 milli-units/μL Pme1) in order to release the knockout construct 
from the pGEMGATETM plasmid (New England BioLabs).  The reaction was incubated 
at 37oC for 1 hour and then after denaturation at 65o for 10 minutes, the samples were 
digested with Swa1 (1X NEB Buffer 3.1, 25 milli-units/μL) at 25oC for 2 hours (New 
England BioLabs).  The digestions were analyzed by 1% agarose gel electrophoresis. 
 
II. Transformation of Physcomitrella patens 
 
A. Protoplast generation 
 
 Protoplasts were transformed with KO targeting fragments using a Polyethylene 
Glycol Mediated Transformation method (Liu and Vidali, 2011). Wild type 
Physcomitrella patens protonemal tissue (7-days old) was digested with 3 mL of 2% 
Driselease (Sigma D9515-25G) and 9 mL of 8% D-mannitol for 1 hour.  The resulting 
protoplasts were then passed through a 100μm mesh (BD Flacon 352350) and centrifuged 
at 250 x g for 5 minutes. They were then washed 3 times with 10mL of 8% D-mannitol 
centrifuging at 250 x g for 5 minutes after each wash.  The protoplasts were then counted 
using a hemacytometer.   
 
B. Transformation of protoplasts 
 The protoplasts were resuspended in MMg solution (0.4 M D-mannitol, 15 mM 
MgCl2 , 4 mM MES pH 5.7, 1.6 million protoplasts/mL) and incubated at 25oC for 20 
minutes.   For each transformation DNA (60 μg) was added to 600 μL of protoplasts and 
700 μL PEG/Ca solution (4 g PEG4000, 3 mL H2O, 2.5 mL 0.8 M D-mannitol, 1 mL 1M 
CaCl2) and incubated for 30 minutes. The solution was then diluted in W5 (154 mM 
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NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES (pH 5.7)) and centrifuged at 250 x g for 5 
minutes.  The cells were resusupended in 2mL of melted PRM-T solution (Appendix B) 
and 1mL of this solution was plated onto solid PRM-B plates to allow for recovery and 
cell wall regeneration (Appendix B).  The plants were grown in a 16/8 photoperiod at 
250C.  Four days after transformation the plants were transferred onto solid PpNH4 
(Appendix B).  After 7 days on PpNH4 media the plants were transferred onto selective 
PpNH4 media with 15 μg/mL hygromycin.  The plants were moved on and off antibiotic 
selection for 1 month and then gridded onto PpNH4 + hygromycin plates and left to grow 
until large enough for genomic DNA extraction.   
 
C.  Genomic DNA extraction from knockout plants 
 DNA was extracted from knockout plants using the MOBIO PowerPlant® Pro 
DNA Isolation Kit.  Protonemal tissue (50 mg) was added to PowerPlant® Bead Tubes 
with 450 μL of Solution PD1.  50 μL of Solution PD2 was then added followed by 3 μL 
of RNase A Solution.  This tissue was then homogenized on the MOBIO PowerLyzerTM 
at 2000 rpm for 2 minutes and then centrifuged at 13,000 x g to pellet the debris.  The 
supernatant was transferred to a new collection tube with 175 μL of Solution PD3 and 
vortexed for 5 seconds.  This solution was then incubated at 4o C for 5 minutes before 
centrifuging again at 13,000 x g.  The supernatant was then transferred again into a new 
collection tube and 600 μL of Solution PD4 and PD6 were added and then vortexed for 5 
seconds.  The lysate was then loaded onto the Spin Filter and centrifuged at 10,000 x g 
for 30 seconds.   The Spin Filter was then washed with 500 μL of Solution PD5 and spun 
at 10,000 x g for 30 seconds followed by a wash with 500 μL of Solution PD6 spun at 
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10,000 x g for 30 seconds.  The DNA was eluted in 50μL of Solution PD7 (10mM Tris, 
pH 8.0).  Plasmid DNA concentration was determined using a NanoDrop 1000 
Spectrophotometer (Thermo Fisher Scientific).  
 
D. Genotyping of knockout plants  
 The knockout plants were genotyped using three PCR reactions.  To determine if 
the knockout construct was only inserted once into the genome, one primer pair was 
created so the forward primer aligned in the 5’ targeting arm and the reverse primer 
aligned in the 3’ targeting arm.  The second and third primer pairs align upstream and 
downstream of the targeted sequences in the genome and within the hygromycin 
resistance selectable marker, to ensure the construct was integrated in the proper location 
(Appendix A).  The PCR reaction was done using knockout mutant DNA as a template 
(1X Phusion® HF buffer, 0.2 mM dNTPs, 0.5 μM forward primer, 0.5 μM reverse primer, 
0.04 units/μL Phusion® Hot Start II enzyme and 8 ng/μL of DNA template).  For primer 
pair 1 a thermal cycler was programmed for 40 amplification cycles (10 seconds at 98o C 
for denaturation; 90 seconds at 72oC for both annealing and extension) with initial 
denaturation at 98oC for 30 seconds and final extension at 72oC for 10 minutes.  For 
primer pairs 2 and 3 a thermal cycler was programmed for 35 cycles (10 seconds at 98oC 
for denaturation, 30 seconds at 55oC for annealing and 45 seconds at 72oC for extension) 
with an initial denaturation at 98oC for 30 seconds and a final extension at 72oC for 10 
minutes.  The PCR products were analyzed by electrophoresis on a 1% agarose gel.   
 
III. Growth Assay with knockout mutants 
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A. Protoplast generation 
 The confirmed knock out lines Cow1a A3, Cow1b A2, Cow1c A2 and Cow1d D8 
and wild type were protoplasted with 3 mL of 2% Driselease (Sigma D9515-25G) and 9 
mL of 8% D-mannitol for 1 hour.  The resulting protoplasts were then passed through a 
100 μm mesh (BD Flacon 352350) and then centrifuged at 250 x g for 5 minutes: they 
were then washed 3 times with 10 mL of 8% D-mannitol being centrifuged at 250 x g for 
5 minutes after each wash.  The protoplasts were then counted using a hemacytometer.  
The protoplasts were resuspended in liquid plating media (10,000 protoplasts/mL) and 
plated on solid PRM-B plates covered with cellophane (Appendix B).  After four days the 
plants were transferred to PpNH4 media (Appendix B) and grown for 7 days.   
 
B. Imaging and Analysis of Growth Assay 
 Plants were imaged using a Leica M165FC stereoscope at 10X magnification with 
GFP2 filter set, exposure time at 0.5 seconds, a gain of 4, saturation of 1.5 and gamma of 
1.  The images were Tiff8bit with 300 dpi.  All samples were imaged blind to avoid bias 
in plant selection.  50 plants were imaged per plate.  Growth analysis was done in Image 
J using MorphologyMacroPublicV2.6 command (http://users.wpi.edu/~lvidali/ 
MMB_moss/MorphologyMacroPublicV2.6.txt), yielding results for area, solidity 
(area/convex hull area), and circularity (4π (area/perimeter2)).  One-way ANOVAs and 
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Results 
Creation of the knockout construct  
 To determine the function of COW1 orthologs in Physcomitrella patens polar cell 
growth and plant development, we created stable knockout lines for each of the PpCOW1 
genes. In these lines the PpCOW1 gene has been disrupted by integration of an antibiotic 
resistance cassette. The first step in this process was creation of a knockout construct 
consisting of a hygromycin-resistance cassette flanked by a 5’ targeting arm (~1 kb of 
genomic upstream sequence including the proximal promoter) and a 3’ targeting arm (~1 
kb of genomic sequence from within the gene). The targeting arm sequences of the 
PpCOW1 genes were amplified by PCR using wild type Physcomitrella patens genomic 
DNA as template as shown in Figure 3. As expected fragments of ~ 1kb were produced 
in all cases. To allow for Gateway® recombination based cloning into a pDONR vector 
the primers were designed to add attB sites to the PCR product during amplification. 
Primers used to amplify the 5’ targeting arm sequence added attB1 and attB4 sites at the 
beginning and end of the PCR product, respectively. On the other hand, primers used to 
amplify the 3’ targeting arm sequence added attB2 and attB3 sites at the beginning and 
end of the PCR product, respectively. Next the attB flanked targeting arm fragments were 
cloned into pDONR vectors to create entry clones. pDONR P1P4 was used for the 5’ 
targeting arms and pDONR P3P2 was used for the 3’ targeting arms. We recombined the 
attB flanked PCR products with the appropriate pDONR vector that contains the 
counterpart attP sites in a reaction mediated by Gateway BP clonase. E. coli were then 
transformed with the BP recombination reaction. Plasmid DNA was extracted from 
cultures derived from single colonies and submitted for DNA sequencing. Sequence 
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analysis confirmed that the PpCOW1 specific sequences were present in the entry clones 
and that the attB and attP sites had correctly recombined to form an attL site on either 
side of the targeting arm sequences (data not shown). The plasmid maps for the resulting 
entry clones are shown in Figures 4, 6, 8, and 10.  
 To create knockout construct clones with the two targeting arms and a 
hygromycin-resistance marker in a single plasmid, we performed a LR recombination 
reaction between entry clones containing the 5’ and 3’ targeting arms, the hygromycin-
resistance cassette and the destination vector pGEMGATE. The attL sites and attR sites 
reacted to form attB sites. The plasmid maps for the resulting knockout construct clones 
are shown in Figures 5A, 7A, 9A, and 11A. We then transformed E. coli with the LR 
recombination mix and isolated plasmid DNA from individual clones. To determine if the 
LR recombination reaction was successful we first digested the plasmids with the 
endonucleases SwaI and PmeI ( Figures 5B, 7B, 9B and 11B). As expected the fragment 
sizes were around 3kb and 5kb. The 5kb fragment is the fragment containing the 
targeting arm sequences flanking the hygromycin-resistance marker. Plasmids with the 
correct restriction pattern were submitted for DNA sequencing. Sequence analysis 
confirmed that the proper sequences were present in all of the expression clones (data not 
shown).  
 The KO constructs were then used to transform Physcomitrella patens protoplasts 
and create knockout plants. During the transformation protocol, we protoplasted and 
plated 1.6 million cells exposing them to our knockout construct without their cell wall to 
 











Figure 3: Amplification of targeting arm sequences. ~1kb targeting sequences were 
amplified for specific gene targeting using PCR with wild type genomic DNA as a 
template. Primers were designed to add attB sites, for Gateway® recombination.  These 
targeting fragments were designed to target the non-coding region upstream of the 
proximal promoter (5’ targeting arm) and within the coding sequence ~2kb downstream 
of the start codon (3’ targeting arm). PCR fragments were run on a 1% agarose gel for 
analysis. Targeting sequences for Cow1b, Cow1c and Cow1d, were amplified.  Cow1a 
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allow for DNA uptake. After a brief recovery period, these plants were moved on and off 
hygromycin selection for a month. At the end of the month the plants on the plate were 
stably resistant to hygromycin. On average each of these plates had approximately 100 
hygromycin-resistant plants. I then gridded 50 plants per cell line allowing them to grow 
until they were large enough for genomic DNA extraction for genotyping.  
Genotyping the COW1 ortholog knockout plant lines 
 To verify the COW1a, COW1b, COW1c and COW1d knockouts, had in fact 
taken up the knockout construct through homologous recombination, we genotyped each 
plant line using three PCR reactions. To determine if only a single copy of the knockout 
construct was integrated we designed a primer pair aligned with the targeting arm 
sequences upstream and downstream of the hygromycin-resistance cassette (primer pair 
1). To verify that there was proper targeting within the genome at the 5’ end of the gene, 
we created a forward primer aligning upstream of the 5’ targeting arm sequence and a 
reverse primer in the hygromycin resistance cassette (primer pair 2). Finally, to verify 
that the knockout construct was integrated properly with respect to the 3’ end we created 
a forward primer sitting in the hygromycin cassette and a reverse primer complementary 
to the 3’ targeting arm, as shown in Figures 12A, 13A, 14A and 15A. Each primer pair 
was used in PCR with wild type and PpCOW1 knockout mutant plant genomic DNA as a 
template to determine if the plant lines were knockouts or wild type for the COW1 genes, 
as shown in Figures 12B, 13B, 14B and 15B. 
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Figure 5: Creation of the PpCow1a knockout construct.  A. Plasmid map of knockout 
construct B. The plasmid was digested with, Pme1 and SwaI to release the knockout 
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Figure 7: Creation of the PpCOW1b Knockout Construct.  A. Plasmid map of 
knockout construct B. The plasmid was digested with, Pme1 and SwaI to release the 
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Figure 9: Creation of the PpCOW1c Knockout Construct. A. Plasmid map of 
knockout construct B. The plasmid was digested with, Pme1 and SwaI to release the 
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Figure 11: Creation of the PpCOW1d Knockout Construct. A. Plasmid map of 
knockout construct B. The plasmid was digested with, Pme1 and SwaI to release the 
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  PCR analysis confirmed that COW1a A3 and C3 are knockout lines (Figure 12). 
Amplification with primer pair 1 produced a fragment of ~3.6kb, as expected for a single 
integration event. In contrast a fragment of ~3kb was produced with wild type. 
Furthermore, there was proper sequence targeting on both the 5’ and 3’ ends of the 
knockout construct; amplification with the A3 and C3 DNAs yielded fragments of ~1kb 
in reactions with primer pairs 2 and 3. In contrast no bands were produced with these 
primers in wild type indicating it does not contain the hygromycin cassette where one of 
the primers aligned. This process was repeated for each of the PpCOW1 genes. The 
confirmed knockout lines for each COW1 ortholog are COW1a A3 and C3, COW1b A2, 
COW1c A2, and Cow1d D8, as demonstrated in Figure 12B, 13B, 14B and 15B.  
Growth Assay with the confirmed COW1 ortholog lines 
 To determine if there were polar growth defects in the COW1 knockout mutants, 
we protoplasted 7-day old protonemata and allowed the plants to grow for 7 days. 
Stereomicrographs were then taken of 100 plants per plant line using chlorophyll 
autofluorescence (Figure 16). These images were analyzed for differences between the 
PpCOW1 knockout mutants and the wild type in several quantitative measures of growth 
and polarity. Plant area, a direct measure of plant size, served as a measure of plant 
growth (Figure 17). In this one experiment no significant difference in plant area was 
observed between the mutants and wild type. However, all mutants were smaller on 
average. Most strikingly the area of COW1d mutant plants was 53% the area of wild type. 
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Figure 12: Genotyping COW1a knockout mutant lines.  7-day old plants were used 
for genomic DNA extraction.  The genomic DNA was then used as a template for PCR to 
verify that only one insert was made and that it was inserted in the proper area.  A: 
Schematic of the COW1a gene including exons and introns, the 5’ targeting sequence 
(blue) and the 3’ targeting sequence (red) and hygromycin resistance cassette insert 
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Figure 13: Genotyping COW1b knockout mutant lines.  7-day old plants were used 
for genomic DNA extraction.  The genomic DNA was then used as a template for PCR to 
verify that only one insert was made and that it was inserted in the proper area.  A: 
Schematic of the COW1a gene including exons and introns, the 5’ targeting sequence 
(blue) and the 3’ targeting sequence (red) and hygromycin resistance cassette insert 
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Figure 14: Genotyping COW1c knockout mutant lines.  7-day old plants were used 
for genomic DNA extraction.  The genomic DNA was then used as a template for PCR to 
verify that only one insert was made and that it was inserted in the proper area.  A: 
Schematic of the COW1a gene including exons and introns, the 5’ targeting sequence 
(blue) and the 3’ targeting sequence (red) and hygromycin resistance cassette insert 
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Figure 15: Genotyping COW1d knockout mutant lines.  7-day old plants were used 
for genomic DNA extraction.  The genomic DNA was then used as a template for PCR to 
verify that only one insert was made and that it was inserted in the proper area.  A: 
Schematic of the COW1a gene including exons and introns, the 5’ targeting sequence 
(blue) and the 3’ targeting sequence (red) and hygromycin resistance cassette insert 
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 Circularity is a measure of the degree of polarity: plants that are linear would have 
a circularity value of 0 compared to plants that are circular, which would have a value of 
1. Wild type has a circularity value of around 0.13, while known severe polar growth 
mutants such as Class II Formins have circularity values of around 0.5 (Vidali et al., 
2009). We found that COW1c and COW1d had significantly reduced circularity values, 
0.033 and 0.029 compared to the wild type, suggesting that the plants have a longer axis 
but fewer branches forming from one particular point, as shown in Figures 16 and 17. 
Solidity is a measure of the degree of polarization and branching, which is calculated by 
dividing the area by the convex hull area (Figure 17). Wild type has a solidity value of 
around 0.4 while known polar growth mutants such as Myosin XI have solidity values 
much higher around 0.75 (Vidali et al., 2010). We found that COW1d and COW1c had 
significantly reduced solidity values, 0.29 and 0.27, compared to wild type, suggesting 
that COW1c and COW1d were less compact than wild type with more space in between 
the branches. Overall, COW1d and COW1c exhibit a growth pattern different from wild 
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Figure 16: Stereomicrographs of COW1a-d knockout mutants.  7-day old 
protonemata from wild type and and COW1a, COW1b, COW1c, and COW1d KO 
mutants were treated with protoplasted and then grown for 7 days. The plants were 
imaged using a stereoscope at 10X.  The red fluorescence is auto-fluorescence from the 
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Figure 17: Quantitative analysis of Cow1a-d knockout phenotypes.  7-day old 
protonemata for wild type and Cow1a, Cow1b, Cow1c, Cow1d KO were protoplasted.  
The protoplasts were then grown for a week and imaged.  A: Quantification of the 
knockout phenotype based on area (ANOVA, F=4.2451, df=4, p<0.0022; Tukey HSD, 
P<0.05).  B: Quantification of the knockout phenotype based on circularity (ANOVA, 
F=6.5506, df=4, p<0.0001; Tukey HSD, p<0.05).  C: Quantification of the knockout 
phenotype based on solidity (ANOVA, F=7.5949, df=4, p<0.0001; Tukey HSD, p<0.05).  
Tukey HSD results are indicated above the bars.  Error bars are standard error (Wildtype, 
n=100; Cow1a, n=100; Cow1b, n=102; Cow1c, n=101; Cow1d, n=100). 
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Discussion 
 
Production of PpCow1 Stable KO Lines 
 
 In this study we have produced and verified the creation of stable KO lines for 
each of the PpCOW1 orthologs.  To determine whether COW1 orthologs in 
Physcomitrella patens are involved in tip growth, knock out constructs for each PpCOW1 
gene were designed to replace upstream sequences including the proximal promoter and  
~25% of the coding sequence, with a loxP site flanked hygromycin-resistance gene.  
These constructs, one for each of the four PpCOW1 orthologs, were successfully used to 
transform wild type Physcomitrella patens. After transformation the plants were grown 
for a month, alternating weeks on and off of selection. At the end of the month of 
selection, only plants containing the hygromycin resistance gene from the knockout 
construct would have survived.  We know that the knockouts we created are stable 
because they have maintained their hygromycin-resistance after having been grown off of 
selection for extended periods of time.  Furthermore, we have verified that the knockout 
constructs were properly targeted and demonstrated that there was only a single insertion 
in each gene using a PCR genotyping assay as shown in Figures 12-15, Given that the 
hygromycin-resistance cassette has been correctly targeted, we fully expect null alleles 
for all of the PpCOW1 orthologs. Final confirmation, however, awaits analysis of mRNA 
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Do COW1s orthologs function in polar growth in Physcomitrella?  
 The ability to make single knockout lines for all four orthologs, demonstrates that 
no one single PpCOW1 gene is essential for polar growth.  Furthermore a preliminary 
analysis of growth revealed no significant differences in plant size between the mutants 
and wild type (Figure 17).  Whether this reflects a lack of a role in tip growth or rather 
functional redundancy is not yet clear.   We favor functional redundancy because, the 
protein structure and sequence similarity with COW1 in Arabidopsis argues for 
biochemical equivalence.  The PpCOW1 orthologs have the same domain structure as 
AtCOW1, which has a Sec14 like domain and a Nodulin 16 domain. Each PpCOW1 
ortholog has high protein sequence similarity to AtCOW1, with 81-83% similarity in the 
Sec14 like domain and 51-57% similarity in the Nodulin 16 domain.  Furthermore, key 
residues in the Sec14 lipid-binding pocket that are essential for function are perfectly 
conserved (KP personal communication).  Overall PpCow1b is the most similar to 
AtCOW1 and PpCow1a and b are the most closely related of the PpCow proteins (77% 
identity/85% similarity).  Therefore we hypothesize that PpCow1a and PpCow1b are a 
redundant pair most likely functioning like AtCOW1 in tip growth. As expected for a 
functionally redundant pair, PpCOW1a and PpCOW1b KO plants did not exhibit 
significant differences in polar growth compared to wild-type, as evaluated by 
measurements of plant area, circularity and solidity. If our hypothesis is correct we will 
have to knockout both PpCow1a and PpCow1b before seeing defects in polar growth.  
 Our preliminary characterization of growth patterns in the protonemata of 
COW1c and COW1d KO mutants in Physcomitrella patens, did reveal significant growth 
pattern differences from wild type. Although the KO mutants exhibited no statistically 
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significant differences in plant area compared to the wild type, the PpCOW1d plants were 
only 53% of the area of a wild type plant (Figure 17).  Furthermore the single PpCOW1c, 
and PpCOW1d knockouts had growth irregularities.  The values for circularity in 
PpCOW1c and PpCOW1d (0.029 and 0.033) were significantly less than in normal wild 
type (0.13) (Bibeau and Vidali, 2014).  These values reflect the altered morphology of the 
PpCOW1c and PpCOW1d knockout plants which appear longer than wild-type with 
fewer, shorter, and more spread out branches as seen in Figure 17.  Lower values for 
solidity in COW1c and COW1d compared to wild type also indicate similar 
morphological differences.  
 The polar growth phenotypes seen in the PpCOW1c and PpCOW1d KOs, where 
the mutants appear less solid and more linear in shape than wild type are unexpected. 
These findings are contrary to our original hypothesis that the PpCOW1 ortholog KO 
plants would exhibit defects in polar growth resulting in smaller, more compact plants 
with fatter protonemal cells as observed in loss of function mutants in key players 
involved in polar growth.  These include Myosin XI, Class II formins, PIPKs, and 
profilin (Saavedra et al., 2011; Vidali et al., 2007; Vidali et al., 2010; Vidali et al., 2009).  
More research must be done in order to confirm this novel phenotype and to determine 
the molecular mechanism behind it.  
 
How might COW1 orthologs function in polar growth and protonemal development?  
 Because AtCOW1, is known to interact with the AGD1 and PI5K, which are both 
proteins known to be involved in maintenance of phosphoinositide signaling pools on the 
shanks and at the apex of the growing root hairs, the PpCOW1 orthologs may also be 
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involved in phosphoinositide pool maintenance (Vincent et al., 2005; Yoo et al., 2012).  
In yeast Sec14 promotes the synthesis of PtdIns4P by presenting the phosphatidylinositol 
substrate to a PI4-kinase. Because all of the PpCOW1s contain a Sec14like domain, they 
may be functioning in a similar manner by providing substrate to PIPK1 or PIPK2, the 
two PI kinases in Physcomitrella patens, which function in protonemal development 
(Saavedra et al., 2009).  This mechanism could yield the same phosphoinositide signaling 
pools seen in both root hairs and pollen tubes with PtdIns4P along the shanks and 
PtdIns(4,5)P2 at the apex of the cell (Munnik and Nielsen, 2011; van Leeuwen et al., 
2007; Vermeer et al., 2009), although no research has been published demonstrating that 
the same pools are present in tip growth in Physcomitrella patens or other bryophytes.   
 
Future Research on COW1 orthologs 
 Before we are able to determine if PpCow1 orthologs are required for normal 
polar growth, more repeats of our growth assays must be done.  Furthermore, because 
functional redundancy is likely between the PpCOW1 orthologs, we must create a 
knockout line with all four orthologs knocked out.  We are currently in the process of 
creating a PpCOW1a, PpCOW1b double KO mutant.  In order to create multiple 
knockout mutants we will need to cure the knockouts of antibiotic resistance using  Cre-
Lox recombination to remove the hygromycin-resistance cassette.  Once we have created 
a four-way knockout we will be able to test for growth differences between choloronemal 
and caulonemal cells of protonemata as well as growth difference in rhizoids during the 
gametophyte stage.  These stable lines can also be used for transient RNAi of AGD1 
orthologs, or PpROP2 to see if lacking these genes exacerbate the polar growth defects 
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seen.  GFP localization studies would also prove useful in determining whether PpCOW1 
orthologs localize along the lateral shanks of the cell where the PtdIns4P is enriched.   
 
Conclusion   
 In this study, we created and verified stable knockout lines for each of the 
PpCOW1 proteins. The results presented here suggest that PpCOW1c and PpCOW1d 
orthologs may play a necessary role in normal protonemal development.  Further study of 
these lines will shed light on how PpCOW1 proteins affect protonemal development in 
Physcomitrella patens, and if COW1s ancestral role in polar cell growth has been 
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Appendix A 
Table 1. PCR primers for amplification of targeting arms.  The blue highlighted text 
denotes Pme1 restriction sites, while the yellow highlighted text denotes Swa1 restriction 
sites.  The orange text is AttB1 sites, the red text is AttB4 sites, the green text is AttB3 
sites and the blue text is AttB2 sites.   
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Table 2. Sequencing primers for knockout construct 
 Primer Sequence (5’ à  3’) 
HygroFseq AGA GGA AGT CGT CCA TTG TAA TC 
 
HygroRseq AGA GGA AGT CGT CCA TTG TAA TC 
 
 
Table 3. Genotyping primer pair 1  





GTG GTG GTT GGA AGT GTT AGT GAA GGC AA 





ACG TGA CGG ACG TGA TTT CCG CGT ACT TAT 





TCG ACT TTG CTA GAC CCT GTT GGC CGT AAA 





AGG GCT CAG GGA GAA GCG AAC AGA AAG A 
ATG AGC AGA GCT AGG AGT TGA CGG ATT GGA 
 
Table 4. Genotyping primer pair 2 
 Primer Sequence (5’ à  3’) 
Hygro 5’  
Reverse 
 
















GGC TAA CCC CAC GTG TCA AA 
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Table 5. Genotyping primer pair 3 
 Primer Sequence (5’à3’) 
Hygro 3’  
Forward 
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Appendix B 
 
Growth Media Composition 
PRM-T 1.84 mM KH2PO4,  
3.4 mM Ca(NO3)2,  
1 mM MgSO4,  
2.72 mM Diammonium tartrate,  
54 μM FeSO4.7H2O, 9.93 μM H3BO3,  
1.97 μM MnCl2.4H2O,  
0.23 μM CoCl2.6H2O,  
0.19 μM ZnSO4. 7H2O,  
0.22 μM CuSO4. 5H2O, 
 0.10 μM Na2MoO4.2H2O,  
0.168 μM KI,  
6% D-mannitol,  
0.6% agar,  
1% 1M CaCl2 
PRM-B 1.84 mM KH2PO4,  
3.4 mM Ca(NO3)2,  
1 mM MgSO4,  
2.72 mM Diammonium tartrate,  
54 μM FeSO4.7H2O,  
9.93 μM H3BO3,  
1.97 μM MnCl2.4H2O,  
0.23 μM CoCl2.6H2O,  
0.19 μM ZnSO4. 7H2O,  
0.22 μM CuSO4. 5H2O, 
 0.10 μM Na2MoO4.2H2O,  
0.168 μM KI,  
6% D-mannitol,  
0.8% agar,  
0.01% 1M CaCl2 
PpNH4 1.84 mM KH2PO4,  
3.4 mM Ca(NO3)2,  
1 mM MgSO4,  
2.72 mM Diammonium tartrate,  
54 μM FeSO4.7H2O,  
9.93 μM H3BO3,  
1.97 μM MnCl2.4H2O,  
0.23 μM CoCl2.6H2O,  
0.19 μM ZnSO4. 7H2O,  
0.22 μM CuSO4. 5H2O,  
0.10 μM Na2MoO4.2H2O,  
0.168 μM KI,  




1.84 mM KH2PO4 
3.4 mM Ca(NO3)2 
1 mM MgSO4 
2.72 mM Diammonium tartrate 
54 μM FeSO4.7H2O 
9.93 μM H3BO3 
1.97 μM MnCl2.4H2O 
0.23 μM CoCl2.6H2O 
0.19 μM ZnSO4. 7H2O 
0.22 μM CuSO4. 5H2O 
0.10 μM Na2MoO4.2H2O 
0.168 μM KI 
8.5% mannitol 
0.6% agar 
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